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Abstract
Fatty acids have prominent effects on mitochondrial energy coupling through at least three mechanisms: (i) increase of the proton
conductance of the inner mitochondrial membrane; (ii) respiratory inhibition; (iii) opening of the permeability transition pore (PTP).
Furthermore, fatty acids physically interact with membranes and possess the potential to alter their permeability; and they are also excellent
respiratory substrates that feed electrons into the respiratory chain. Due to the complexity of their actions, the effects of fatty acids on
mitochondrial function in situ are difficult to predict. We have investigated the mitochondrial and cellular effects of fatty acids of increasing
chain length and degree of unsaturation in relation to their potential to affect mitochondrial function in situ and to cause cell death. We show that
saturated fatty acids have little effect on the mitochondrial membrane potential in situ, and display negligible short-term cytotoxicity for Morris
Hepatoma 1C1 cells. The presence of double bonds increases both the depolarizing effects and the cytotoxicity, but these effects are offset by the
hydrocarbon chain length, so that more unsaturations are required to observe an effect as the hydrocarbon chain length is increased. With few
exceptions, depolarization and cell death are due to opening of the PTP rather than to the direct effects of fatty acids on energy coupling.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Long-chain fatty acids have complex structural and func-
tional roles in eukaryotic cells. In the esterified form, they
are major components of phospholipids and represent the
major energy storage in triglyceride deposits. In the non-
esterified form, they are mostly bound to fatty acid-binding
proteins, while a small fraction is associated with cellular
membranes and only a minor part is free. Free fatty acids
have a number of effects on membranes in general and on
mitochondria in particular, where they can significantly
affect energy coupling. On one hand, fatty acids are excel-
lent respiratory substrates in most cell types, where they
feed electrons into the mitochondrial energy-conserving
respiratory chain. On the other hand, fatty acids have
prominent effects on the mitochondrial inner membrane,
where they increase proton conductance causing dissipation
of the electrochemical proton gradient [1], and can promote
opening of the permeability transition pore (PTP), a high-
conductance channel [2] that may cause release of mito-
chondrial apoptogenic proteins into the cytosol [3,4]. Thus,
the cellular effects of nonesterified fatty acids are predict-
ably complex, because of their role as dual effectors with the
potential to improve energy production (as substrates) or to
cause energy dissipation (as uncoupling agents and ion
channel modulators) [5].
Recent evidence indicates that fatty acids are also involved
in cell death pathways. A possible role for nonesterified
arachidonic acid is emerging in the context of lipidic apop-
totic signalling [6,7] that may involve the PTP [8]. A
proapoptotic effect has also been described in cardiac cells
for palmitic acid [9–12]. The mechanism(s) through which
fatty acids affect cell survival is further complicated by the
fact that the proapoptotic effects may also be due to increased
synthesis of ceramide and sphingolipids [13–15] and/or to a
direct effect of palmitoylcarnitine on caspases [16].
Here we have investigated the mitochondrial and cellular
effects of fatty acids of increasing chain length and degree of
unsaturation in relation to their potential to affect mitochon-
drial function in situ and to cause cell death. We show that
saturated fatty acids have little effects on the mitochondrial
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membrane potential in situ, and display negligible short-term
cytotoxicity for Morris Hepatoma (MH) 1C1 cells. The
presence of double bonds increases both the depolarizing
effects and the cytotoxicity, but these effects are offset by the
hydrocarbon chain length, so that more unsaturations are
required to observe an effect as the hydrocarbon chain length
is increased. With few exceptions, depolarization and cell
death are due to opening of the PTP rather than to the direct
effects of fatty acids on energy coupling.
2. Materials and methods
Rat liver mitochondria were prepared exactly as
described in Ref. [17]. For studies of PTP opening, mito-
chondria were incubated in the medium specified in the
figure legends, and the fraction of mitochondria with an
open pore was determined exactly as described in Ref. [18]
based on the changes in absorbance at 540 nm. Respiration
was monitored with a Clark oxygen electrode in a closed 2
ml vessel thermostated at 25 jC. MH1C1 cells were grown
in Ham’s F-10 nutrient mixture containing 40 mM NaHCO3
and supplemented with 10% fetal calf serum in a humidified
atmosphere of 95% air, 5% CO2 at 37 jC in a Forma tissue
culture water-jacketed incubator. Epifluorescence micro-
scopy of tetramethylrhodamine methyl ester (TMRM) and
cell death assays with propidium iodide and annexin-V
staining were carried out exactly as described in detail in
Ref. [19]. Fatty acids were from Sigma (St. Louis, MO) with
the exception of arachidonic acid, which was purchased
from Alexis Biochemicals. All reagents were of the highest
available grade.
3. Results and discussion
3.1. Effects of fatty acids on PTP opening and respiration in
isolated mitochondria
Most studies of the effects of fatty acids on isolated
mitochondria have been performed in low ionic strength
buffers. Because the major goal of this study was to
establish a structure–function correlation for the mitochon-
drial effects of fatty acids in situ, we preliminarily inves-
tigated whether the ionic composition of the medium
influenced the effects of fatty acids on isolated mitochon-
dria. The experiments depicted in Fig. 1, panel A illustrate
the results we obtained with palmitic acid (C16:0) as the
inducer of the permeability transition. It can be seen that
increasing concentrations of palmitic acid caused a dose-
dependent increase of the fraction of mitochondria that
opened the PTP. Remarkably, the concentration of palmitic
acid needed to elicit an effect was significantly lower in
sucrose-based than in KCl-based media.
Opening of the PTP may cause uncoupling, which is
followed by respiratory inhibition as pyridine nucleotides
are released from the matrix [20,21]. Furthermore, swelling
in salt-containing media is followed by outer membrane
rupture and cytochrome c release, which is an additional
cause of respiratory inhibition [22,23]. In order to inves-
tigate the effects of high ionic strength on mitochondrial
respiration with Complex I substrates (which is closer to the
in situ condition), it was therefore essential to assess the
effects of fatty acids in the presence of the PTP inhibitor,
cyclosporin (Cs) A. The experiments in Fig. 1, panel B
document that palmitic acid caused a biphasic effect on
Fig. 1. The effects of palmitic acid on PTP opening and respiration is affected by the ionic strength. The incubation medium contained 0.25 M sucrose (closed
symbols) or 0.125 M KCl (open symbols), 10 mM Tris–Mops, 5 mM glutamate–Tris, 2.5 mM malate–Tris, 1 mM Pi–Tris, 20 AM EGTA–Tris. Final volume
2 ml, 25 jC, pH 7.4. In the experiments in panel B, the incubation medium was supplemented with 1 Agml 1 of CsA. The experiments were started by the
addition of rat liver mitochondria (corresponding to 1 mg protein), followed by 30 AM Ca2 + . One minute later, 0.5 mM EGTA was added followed by the
indicated concentrations of palmitic acid. Panel A: values on the ordinate refer to the fraction of mitochondria (A) that opened the PTP in response to palmitic
acid, as determined from the absorbance at 540 nm exactly as previously described [18]. Panel B: values on the ordinate refer to mitochondrial respiration (JO2,
in ng-atom oxygenmg protein 1min 1) following the addition of palmitic acid. For both panels, data are from three independent experiments F S.D.
Maximal respiration induced by 0.1 AM FCCP was 69F 9 ng-atom oxygenmg protein 1min 1.
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respiration. Low concentrations of the fatty acid caused
uncoupling, while respiration was inhibited as the concen-
tration was raised further, as reported previously [24]. The
ionic composition of the incubation medium also affected
the uncoupling potency of palmitic acid, which was higher
in sucrose-based than in KCl-based media. We have system-
atically investigated the influence of the ionic strength on
PTP opening and uncoupling by a variety of fatty acids of
differing hydrocarbon chain length and degree of unsatura-
tion. We found that the effects of several, but not all, fatty
acids are influenced by the ionic strength of the incubation
medium, and that the relative effect on PTP opening and
respiration is not always the same (results not shown).
In order to compare the relative potency of fatty acids,
we have determined the concentration required (i) to cause
opening of the PTP in 20% of the mitochondria and (ii) to
double the rate of basal respiration in the presence of CsA.
The results of these experiments are reported in Fig. 2,
which shows that the efficacy of fatty acids at inducing PTP
opening (upper panel) was not strongly influenced by the
chain length or degree of unsaturation with the exception of
the C20 fatty acids. Indeed, arachidic acid (C20:0) was
totally ineffective (and therefore not reported in the figure),
while unsaturation made the C20 fatty acids very effective
PTP inducers. Earlier experiments of fatty acid-induced
swelling of de-energized mitochondria in KCl-based media
have revealed a somewhat different picture. Indeed, with
saturated fatty acids, the maximal effect was observed for
chain lengths of 12–14 carbon atoms [25], a discrepancy
that may depend on the incubation conditions. Of particular
relevance may be mitochondrial energization, and therefore
the presence of a transmembrane proton electrochemical
gradient; and Ca2 + loading, which may affect the mem-
brane interactions of fatty acids directly or through changes
of the membrane potential and/or pH difference.
The PTP-independent uncoupling effect of fatty acids is
illustrated in the lower panel of Fig. 2. For saturated fatty
acids, the uncoupling potency slightly increased between
hydrocarbon chain lengths of 14 and 16 atoms, and arachidic
acid was totally ineffective as an uncoupler as well. Unsatu-
ration further increased the efficiency of the C18 series, and
turned the C20 fatty acids into effective uncouplers.
These experiments suggest that the relative potency of
fatty acids at causing PTP induction and uncoupling was not
the same, a finding that has an interesting implication for the
mechanism through which fatty acids cause opening of the
PTP. The pore is voltage-dependent in the sense that
depolarization favors opening [26]. The threshold potential
at which PTP opening occurs is modulated by many
pathophysiological effectors, including amphiphilic mole-
cules like fatty acids [18,27]. In principle, the inducing
effects of fatty acids could be indirect (i.e., mediated by their
depolarizing effects) or direct (i.e., mediated by an inter-
action with PTP components). The latter mechanism is
supported by the observation that CsA-sensitive swelling
of mitochondria followed the addition of low concentrations
of myristic acid but not of the protonophore carbonyl
cyanide m-chlorophenylhydrazone, even though conditions
were chosen so that the initial depolarization caused by both
compounds was identical [28]. The findings reported in Fig.
2 suggest that the direct mechanism of PTP induction may
be valid for fatty acids in general.
3.2. Effects of fatty acids on in situ Dcm and on cell death
As mentioned in the Introduction, the effects of fatty
acids in situ are extremely complex because multiple
metabolic pathways may be involved. Critical issues are
the physical properties of the fatty acid, the mechanisms of
cellular uptake and intracellular transfer, the competition of
added fatty acids with intracellular stores, and the bioactiv-
ities of the fatty acids as such and of their metabolic
products [29]. Given that all these factors may vary in
Fig. 2. Effects of the chain length and the number of double bonds on the
uncoupling and PTP-inducing effects of fatty acids. A titration of the PTP-
inducing and uncoupling effects of fatty acids of the indicated hydrocarbon
chain lengthwas carried out exactly as shown in Fig. 1. Values on the ordinate
refer to the concentration of fatty acids required to cause PTP opening in 20%
of themitochondria (upper panel) or to double basal respiration (lower panel).
Values are plotted on a logarithmic scale, and were obtained from triplicate
titrations F S.D. In these protocols, maximal PTP opening was elicited by
Ca2 + overload and maximal uncoupling by the addition of 0.1 AM FCCP.
The numerals on each bar denote the number of unsaturations.
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different cellular systems, an obvious question is whether
predictions can be made about the in situ acute effects of
fatty acids on mitochondria, and on their consequences on
cell survival. Despite these problems, we chose to add a
moderate concentration (75 AM) of each fatty acid in order
to study the acute effects on mitochondrial energy metabo-
lism and their consequences on cell survival.
The experiments in Fig. 3 are representative of the
method we used to determine the effects of fatty acids on
the in situ mitochondrial membrane potential maintained by
MH1C1 cells, a minimal deviation hepatoma of the rat. The
mitochondrial membrane potential was monitored with the
cationic fluorescent probe TMRM that enters the cells and
accumulates in the mitochondrial matrix in response to the
inside-negative membrane potential, see Ref. [30] for
review. After the mitochondrial fluorescence reading had
stabilized, 75 AM of the indicated C18 fatty acids was added
to the cells, and the fluorescence signal was monitored at 1
min intervals. It can be seen that stearic (C18:0) and oleic
(C18:1) acids were ineffective at causing mitochondrial
depolarization; while complete depolarization was observed
within 15 min of the addition of linolenic acid (C18:3), with
linoleic acid (C18:2) causing an intermediate effect (Fig. 3).
This experiment suggested that, at variance from what has
been observed in isolated mitochondria (Fig. 2), the number
of unsaturations may be important for the depolarizing
effects of fatty acids in situ.
In order to test this paradigm, and to assess the con-
sequences of mitochondrial depolarization, if any, on cell
survival we next studied the short-term mitochondrial depo-
larization (as assessed from changes of TMRM fluores-
cence) and the cytotoxicity (as assessed by nuclear staining
with propidium iodide and/or plasma membrane staining
with fluoresceinated annexin-V) induced by the addition of
75 AM of each of the following fatty acids: myristic (C14:0),
myristoleic (C14:1), palmitic (C16:0), palmitoleic (C16:1),
stearic (C18:0), oleic (C18:1), linoleic (C18:2), linolenic
(C18:3), arachidic (C20:0), cis-11 eicosaenoic (C20:1), cis-
11,14 eicosadienoic (C20:2), cis-11,14,17 eicosatrienoic
(C20:3), arachidonic (C20:4), and cis-5,8,11,14,17 eicosa-
pentaenoic (C20:5). The results of these experiments are
summarized in Fig. 4, which illustrates the mitochondrial
depolarization after 25 min (upper panel) and the number of
dead cells after 105 min of the addition of each fatty acid
(lower panel).
Fig. 3. Effect of selected fatty acids on mitochondrial TMRM fluorescence
in MH1C1 cells. MH1C1 cells grown on coverslips were rinsed with Hanks’
balanced salt solution supplemented with 10 mM Hepes–NaOH pH 7.4 and
1.6 AM CsH, which inhibits the multi-drug resistance pump [30] without
affecting the PTP [33], and then loaded with 10 nM TMRM. Cellular
fluorescence images were acquired exactly as described in Ref. [19].
Clusters of several mitochondria (10–30) were identified as regions of
interest, and fields not containing cells were taken as the background.
Sequential digital images were acquired every 60 s. The initial mitochondrial
fluorescence intensities minus background are reported after normalization
for comparative purposes, and they represent the mean of 10 regions of
interest. Values on the ordinate report the meanF S.D. of four independent
experiments. Where indicated (arrows), 75 AM of the indicated fatty acids
and 2 AM FCCP were added.
Fig. 4. Effects of fatty acids on the mitochondrial membrane potential and
survival of MH1C1 cells. Upper panel: cells were incubated with 10 nM
TMRM as in Fig. 3, and 75 AM of each fatty acid was added. Values on the
ordinate refer to the TMRM fluorescence signal 25 min after the addition of
the fatty acid. Lower panel: cells were treated with 75 AM of each fatty
acid, and the number of dead cells determined 105 min later based on
nuclear staining with propidium iodide and/or with surface staining with
fluoresceinated annexin-V. The numerals on each bar denote the number of
unsaturations, while the asterisks identify events that were insensitive to the
presence of 1 Agml 1 of CsA.
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A first point of interest is that, despite their effects as
PTP inducers and uncouplers in isolated mitochondria [31]
(see also Fig. 2) the saturated myristic, palmitic and stearic
acids didn’t cause depolarization of mitochondria within
MH1C1 cells, nor did they cause acute cytotoxicity. Only
arachidic acid (which is ineffective in isolated mitochon-
dria, Fig. 2) caused a small depolarization that wasn’t,
however, related to a cytotoxic effect (Fig. 4). When
monounsaturated fatty acids were compared, it became
apparent that only the palmitoleic acid was cytotoxic, cell
death being preceded by mitochondrial depolarization.
Interestingly, the minimal number of unsaturations required
to observe both mitochondrial depolarization and the cyto-
toxic effect increased with the increase of the hydrocarbon
chain length. Thus, with C18 fatty acids cytotoxicity and
mitochondrial depolarization required at least two unsatura-
tions, and increased further for the C18:3 linolenic acid;
while with C20 fatty acids at least four unsaturations were
needed, cytotoxicity and mitochondrial depolarization being
observed only for arachidonic and eicosapentaenoic acids
(Fig. 4).
We tested whether mitochondrial depolarization and
cytotoxicity could be prevented by CsA, and we found
inhibition for the effects of linolenic and arachidonic acids
but not of palmitoleic, linoleic and eicosapentaenoic acids
(results not shown; fatty acids that caused CsA-insensitive
depolarization and cytotoxicity are identified with asterisks
in Fig. 4). Fatty acids have prominent effects on mitochon-
drial energy coupling in isolated mitochondria through at
least three mechanisms: (i) increase of the proton conduc-
tance of the inner mitochondrial membrane, see Ref. [5] for
review; (ii) respiratory inhibition (e.g., Fig. 1); (iii) opening
of the PTP [1,18]. Taken at face value, the results of these
experiments suggest that both PTP-independent and PTP-
dependent mechanisms may be involved in fatty acid-
dependent depolarization in situ, and that the prevailing
mechanism may be related to specific structural features of
the fatty acid under consideration.
Since lack of CsA sensitivity is not always a safe
criterion to rule out PTP involvement, we tested whether
fatty acids causing CsA-insensitive depolarization were able
to permeabilize mitochondria to entrapped calcein, with the
likely assumption that only PTP opening could provide a
permeability pathway to the 622 Da free calcein. Following
equilibration of the acetomethoxylic ester of calcein across
the plasma and mitochondrial membranes, free calcein is
entrapped inside the matrix and in the cytosol. When the
cytosolic fluorescence of free calcein is quenched with
Co2 + , PTP opening can be followed as the decrease of
mitochondrial calcein fluorescence [32]. These protocols
revealed that only eicosapentaenoic acid caused mitochon-
drial permeabilization to calcein in situ, while no calcein
release was elicited by palmitoleic and linoleic acid (results
not shown). We conclude that only linolenic, arachidonic
and eicosapentaenoic acids depolarize mitochondria in situ
and cause cell death through PTP opening.
4. Summary and conclusions
Our studies have defined a clear structure–function
correlation for the mitochondrial and cytotoxic effects of
fatty acids towards MH1C1 cells, a minimal deviation
hepatoma of the rat. We have shown that, at variance from
their uncoupling and PTP-inducing effects in isolated rat
liver mitochondria, saturated fatty acids have no obvious
effects on mitochondrial membrane potential and cell sur-
vival. Mitochondrial depolarization and cytotoxicity require
the presence of double bonds in the fatty acid, but the
minimum number of unsaturations required to observe the
in situ effect increases with the increase of the hydrocarbon
chain length. As a result, the minimal number of unsatura-
tions is one, two, and four for C16, C18 and C20 fatty acids,
respectively.
These observations may be explained by several non-
mutually exclusive mechanisms: (i) saturated fatty acids may
be rapidly esterified and utilized as fuel and/or in biosynthetic
pathways; (ii) unsaturation may be required for delivery of
added fatty acids to the inner mitochondrial membrane; (iii)
specific factors exist in cells that allow for the physical
interaction with the inner membrane and/or the PTP of fatty
acids with specific physicochemical properties; (iv) the
mitochondrial and cytotoxic effects of added fatty acids
depend on further metabolism, the active compounds being
preferentially obtained from unsaturated fatty acids, or on
production of intracellular messenger(s). While the detailed
mechanism(s) deserve further study, our findings shed new
light on the complex effects of fatty acids on mitochondrial
function in situ; and suggest that extreme caution should be
exerted in extrapolating results obtained from mitochondria
in vitro to mitochondria inside living cells.
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